Background
Methods
The carnitine profiles of 122 hemodialysis patients were determined by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The associations between the 4-year allcause mortality and carnitine profile as well as the clinical backgrounds of the patients were investigated. A survival analysis was conducted by the Kaplan-Meier survival method and multivariable Cox proportional hazard analysis. The bootstrap method was performed to confirm the stability and robustness of our model.
Results
Of the 122 subjects analyzed, 111 were selected and 24 died during the observation period. Stepwise multivariable Cox regression demonstrated that diabetes state [Hazard ratio (95% confidence interval), 4.981 (2.107-11. 
Introduction
Carnitine deficiency occurs in aberrations of carnitine regulation in disorders such as diabetes, sepsis, cardiomyopathy, malnutrition, cirrhosis, endocrine disorders and with aging [1] . In hemodialysis patients, carnitine is constantly removed during the dialysis through dietary restrictions and decreased kidney function, which results in carnitine deficiency and reduced L-carnitine biosynthesis [2] . L-carnitine transports long-chain fatty acids, which are absorbed into the cytoplasm from the blood, into the mitochondria, adjusts the acyl-CoA/CoA ratio in the mitochondria, and eliminates harmful acyl-CoA. Acyl-CoA accumulates in the mitochondria of patients with abnormal organic acid and fatty acid metabolism; therefore, L-carnitine plays an important role in these metabolisms [3] . The determination of the carnitine profile can help estimate the organic acid and fatty acid metabolism dynamics of acylcarnitine in cells.
In recent years, some correlations have been reported between acylcarnitine and chronic kidney disease (CKD) exacerbation [4] , anemia [5, 6] , and reduced physical function [7] . Carnitine deficiency in hemodialysis patients can impair the efficiency of adenosine triphosphate (ATP) synthesis from long-chain fatty acids in the mitochondria. ATP is essential for life-sustaining activities, and a decrease in the efficiency of its synthesis may be related to disease prognosis.
Here, we established the hypothesis that impaired long-chain fatty acid metabolism in chronic hemodialysis patients with L-carnitine deficiency is related to the clinical outcomes and investigated whether a correlation exists between 4-year all-cause mortality rate and the carnitine profile of the patient.
Subjects and methods

Subjects
We investigated 122 patients undergoing maintenance dialysis three times per week at our hospital. We excluded patients who were receiving L-carnitine, were using antibiotics with a pivoxil group for acute inflammation, and had undergone kidney transplantation or had received blood transfusion in the past 6 months.
All patients were treated in accordance with the clinical guidelines of the Japanese Society for Dialysis Therapy (JSDT) [8] [9] [10] [11] [12] [13] .
Written informed consent was obtained from each of the study subjects. The protocol of this study was approved by the ethics committee of Tokyo Women's Medical University (No. 3173) and was conducted in accordance with the Helsinki Declaration of 1975 (as revised in 2000).
Mass spectrometry measurements
Serum samples were separated immediately after blood collection in a refrigerated centrifuge, stored at −80˚C until analysis, processed by the non-derivatization method, and analyzed via tandem mass spectrometry (TQD; Waters Corp., Milford, MA, USA) to determine the moieties of acylcarnitines.
We measured free carnitine: C0, acetylcarnitine: C2, propionylcarnitine: C3, isobutyrylcarnitine: C4, isovalerylcarnitine: C5, 3-hydroxyisovalerylcarnitine: C5-OH, tiglylcarnitine: C5: 1,glutarylcarnitine: C5DC, hexanoylcarnitine: C6, octanoylcarnitine: C8, decanoylcarnitine: C10, decenoylcarnitine: C10: 1,dodecanoylcarnitine: C12, tetradecanoylcarnitine: C14, tetradecenoylcarnitine: C14: 1,palmitoylcarnitine: C16, 3-hydroxypalmitoylcarnitine: C16OH, stearoylcarnitine: C18, 3-hydroxyoctadecenoylcarnitine: C18: 1-OH, and octadecenoylcarnitine: C18:1.
We also calculated six acylcarnitine ratios typically included in newborn screening [14] , namely C2/C3, C8/C10, C2/C10, C2/C14:1, C0/(C16+C18), and C2/(C16+C18:1).
Very-long-chain acylcarnitines (chain length > 18) were not analyzed in this study. We measured each variable twice, and used the average value of the two measurements for calculations.
We defined short-chain acylcarnitine as the species of all acylcarnitine from C2 to C5, middle-chain acylcarnitine as the species of all acylcarnitine from C6 to C12, and long-chain acylcarnitine as the species of all acylcarnitine from C14 to C18.
Data collection
Age, sex, dry weight, etiology of end-stage renal disease (ESRD), dialysis vintage, comorbidities, pre-dialysis blood pressure, human recombinant erythropoietin (ESA) dose, and cause of death were obtained from the patients' medical records. Body mass index (BMI) was calculated as an individual's dry weight (kg) divided by the square of the height (m) at study entry. The conventional urea kinetic measure, known as Kt/V (single pool), was used to estimate the dialysis dose. Blood sampling was performed in November 2013, and the observation period ended in November 2017.
Statistical methods
Data are presented as mean ± standard deviation (SD) and as medians and interquartile range (IQR). Fisher's exact test was used to compare sex and diabetes states between the two groups. The Mann-Whitney U test was used to compare clinical findings between the two groups.
Cox regression analysis was used to identify factors associated with all-cause mortality, with explanatory variables for age; gender; dialysis vintage; dummy variable diabetes states (yes = 1 and no = 0); body mass index (BMI); erythropoietin resistance index (ERI); and the spKt/V, β2MG, Total protein, serum albumin, CRP, whole PTH, TSAT, ferritin, and carnitine profiles. The stepwise criteria were based on the standard specifications of the SPSS software, i.e., P 0.05 for inclusion and P > 0.10 for exclusion.
We performed log-rank test and Breslow test on the Kaplan-Meier estimates on the data of patients belonging to the two groups based on the median value of carnitine profile selected by multivariable Cox regression.
According to the ASA's statement on P values [15] , we used the SPSS biased-corrected and accelerated bootstrap method with 2000 bootstrap samples and 95% confidence interval to confirm the stability and robustness of our model. P < 0.05 was considered statistically significant. All statistical analyses were performed with SPSS version 25.0 (IBM Corp.; Armonk, NY, USA). group for acute inflammation, and 3 had undergone kidney transplantation. None of the 122 patients had a history of transfusion within the previous 6 months. Therefore, finally, 111 patients were selected for the study.
The clinical characteristics of each of the selected 111 patients are shown in Table 1 and the pre-dialysis carnitine profile is shown in Table 2 .
The mean age of the study population was 59 ± 14 years, and 63% of the patients were men. No patient had any inborn error of organic acid metabolism or an inborn error of fatty acid metabolism.
During the 4-year period, 24 of the 111 people died, of which 8 died due to septicemia, 6 due to cardiovascular disease, 5 due to pneumonia, 3 due to cerebrovascular disease, 1 due to malignant tumor, and another 1 due to multiple organ failure. Table 3 shows the results of the univariable Cox regression analysis between mortality and clinical background and pre-dialysis carnitine profile and bootstrap results. Table 4 shows the results from forward stepwise multivariable Cox regression analysis. 
Etiology of ESRD Glomerulonephritis 68
Type 2 diabetes mellitus (DM) 21
Nephrosclerosis 8
Hereditary disease 6
Rejection after kidney transplantation The diabetes state, age, and C2/(C16+C18:1) level were determined to be significant prognostic factors. The diabetic state and age showed a positive correlation, while the C2/C16+ C18:1 level showed a negative correlation to the survival rate. These factors were also selected using the backward stepwise method. To verify the reliability of the selected factors, bootstrapping multivariable Cox regression analysis of the diabetes state, age, and C2/(C16+C18:1) level was conducted through the brute force approach. The results from this analysis also showed that both the factors were significant.
We divided the patients according to the median 41 of C2/(C16+C18:1) ratio into high group and low group and compared the survival rates between these groups. Table 5 shows the clinical characteristics of the two groups. No significant differences were observed between age and diabetes states selected in the multivariable Cox regression analysis. Fig 1 shows the survival rates of these two groups as analyzed by Kaplan-Meier analysis, log-rank test, and Breslow test. The observation period was for 4 years, and the survival rates 4-year all-cause mortality and carnitine profile in hemodialysis patients were 86.2% and 69.7% in the high and low groups, respectively. The survival rate was significantly higher in the high group than that in the low group (log-rank test; p = 0.027, Breslow test; p = 0.021).
Discussion
The present study revealed that 4-year all-cause mortality is positively correlated with the age and diabetes state and negatively correlated with the C2/(C16+C18:1) ratio. We made a novel discovery of correlation between C2/(C16+C18:1), which represents the fatty acid β-oxidation efficiency, and the mortality rate. It has been reported that, among hemodialysis patients, those with diabetes possess a significantly lower survival rate than those without diabetes [16] . In addition, our finding that age and diabetes are related to 4-year mortality rate also appears to be reasonable.
Fatty acid oxidation is the primary metabolic pathway in diverse tissues, which becomes particularly important during the periods of glucose deprivation. In organs such as the liver and skeletal muscle, fatty acid oxidation can provide >75% of cellular ATP, while in the cardiac tissue, it can be responsible for up to 90% of cellular energy requirements [17, 18] .
Impaired β-oxidation of fatty acids causes intracellular accumulation of toxic lipids, which in turn initiates a vicious cycle that leads to further cellular dysfunction and death, thereby contributing to CKD, irrespective of the underlying etiology [19] .
The C2/(C16+C18:1) ratio is used as an index for diagnosing carnitine palmitoyltransferase-2 (CPT2) deficiency (OMIM 600650) and carnitine-acylcarnitine translocase (CACT) deficiency (OMIM 212138).
In CPT II and CACT deficiencies, the carnitine pathway enzymes are impaired, thereby making it impossible for long-chain fatty acids to be absorbed into the mitochondria, which further impair the β-oxidation of long-chain fatty acids. This event leads to an increase in the long-chain acylcarnitine (e.g., C16, C18, and C18:1), with no elevation in acetylcarnitine (C2), resulting in a high C16+C18:1/C2 ratio.
Carnitine deficiency in hemodialysis patients is believed to impair the uptake of long-chain fatty acids into the mitochondria, resulting in β-oxidation dysfunction. ATP is essential for the biological activity, and β-oxidation efficiency is considered to be an important factor in 4-year all-cause mortality and carnitine profile in hemodialysis patients relation to prognosis. In this study, the C2/(C16+C18:1) ratio, which represents the β-oxidation efficiency, was selected as a factor that is correlated with prognosis of the aforementioned reasons. Sepsis-related multiple organ failure (MOF) is characterized by immune, endocrine, metabolic, and circulatory failure due to hyperinflammation. Mitochondrial dysfunction plays an important role in the mechanism of MOF [20] . In severe infectious disease such as sepsis, glucose is first recruited and used for energy metabolism in the acute phase, and in the later phase of infection, fatty acid metabolism-such as ketone body production and fatty acid β-oxidation-becomes predominant [21] [22] [23] [24] [25] .
Pyruvic acid, the end product of glycolysis, converts lactic acid or is utilized by the TCA cycle as fuel. Pyruvate dehydrogenase, which converts pyruvate to acetyl-CoA, becomes less active in cases of sepsis [26] . However, previous studies have reported that ATP concentrations in patients with sepsis are not significantly different from those in healthy individuals [27] .
Experiments using an animal sepsis model and clinical studies in sepsis patients studying changes in lipid metabolism and metabolome analysis between survivors and non-survivors 4-year all-cause mortality and carnitine profile in hemodialysis patients suggest a decrease in the fatty acid β-oxidation ability and accumulation of long-chain acylcarnitine [28] [29] [30] , and some studies have examined the effects of carnitine supplementation treatment [31] [32] [33] . This switching of energy sources is very complicated and differs in the liver, adipose tissue, kidney, diaphragm, and heart. In whole body energy metabolism, liver fatty acid metabolism is important for recovery from severe infections such as sepsis [31, [34] [35] .
The switching of energy metabolism is regulated by the expression of fatty acid β-oxidation enzymes, the carnitine system, and PPARα,β/δandγ; these systems are downregulated and show complicated changes in response to inflammatory cytokines, such as TNFα and lipopolysaccharide, released in severe infectious diseases [29, 36, 37] .
It has been well established that carnitine plays a very important role in β-oxidation, free carnitine is greatly reduced, and acylcarnitine-especially long chain acylcarnitine-accumulates in dialysis patients.
Although C2/(C16+C18:1), which is thought to indicate fatty acid β-oxidation efficiency, significantly correlates with prognosis, the above factors are considered as additional possible reasons for its use.
The heart muscles require a large amount of energy, and most ATP production is dependent on the β-oxidation of long-chain fatty acids. Heart failure is a major cause of death among hemodialysis patients. 4-year all-cause mortality and carnitine profile in hemodialysis patients Free carnitine is decreased and acylcarnitine is increased in the so-called carnitine deficiency state in dialysis patients [2, 38] .
Several studies have reported changes in the plasma concentrations of free carnitine, total carnitine, and acylcarnitine; however, only few studies have reported acylcarnitine profiles or molecular species in dialysis patients. Thus, it is important to study acylcarnitine profiles. Recently, it has been reported that long-chain acylcarnitine, such as palmitoylcarnitine, serves as an excellent prognosis biomarker for morbidity/mortality in cardiovascular patients [39] [40] [41] [42] , which is also true for heart failure in dialysis patients [43] .
Moreover, L-carnitine administration to hemodialysis patients with cardiac hypertrophy or cardiac hypofunction reportedly improves the ejection fraction, left ventricular mass index, cardiothoracic ratio, and intradialytic hypotension [44] [45] [46] [47] [48] .
Fatty acid oxidation occurs in the mitochondria and peroxisomes. Peroxisomes preferentially oxidize longer chain fatty acids, whereas mitochondria have higher specificity for shorter chain fatty acids [49] . Unlike in mitochondria, beta oxidation does not depend on L-carnitine in peroxisomes.
When fatty acids are decomposed to octanoyl-CoA, the reaction stops. Peroxisomes have a broader substrate selectivity than mitochondria [50] .
Fatty acid oxidation in peroxisomes is important for regulation and special functions. Dysfunction in fatty acid oxidation may be related to the division of labor between peroxisomes and mitochondria. Therefore, the activation of β-oxidation in mitochondria and peroxisomes may improve long-chain fatty acid metabolism and vital prognosis.
If β-oxidation improves with L-carnitine administration, it is possible that L-carnitine administration improves the disease prognosis. Therefore, the C2/C16+C18:1 ratio may be a potential indicator for the efficiency of L-carnitine administration in the longevity of hemodialysis patient.
Although the precision of tandem mass spectrometry is unquestionable, we believe that slight differences arise in the measurements when it is performed across different facilities or reagent batches. Therefore, quality control is important, as demonstrate by a previous study that reported differences of approximately 1.6-fold resulting from the use of different measurement methods for serum ferritin [51] . In our study, the C2/C16+18:1 ratio cutoff value was set at 41 (median). However, this value was limited to our study alone. If L-carnitine administration, which can improve the long-chain fatty acid metabolism, could lead to improved prognosis; in the future, the reference values for L-carnitine administration should be investigated with due consideration to the medical expenditure.
Limitation
The present study had several limitations. First, we could not exclude the potential effect of other unknown confounders. Second, our study was a observational design based on a singlecenter cohort. Although we confirmed the reliability of explanatory variables selected by stepwise analysis using bootstrap method, further investigation including a larger sample size from multiple centers is necessary for external validity. Finally, it is necessary to ascertain whether the association observed between the carnitine profile and all-cause mortality in the present study was a correlation or a causal relationship. A large-scale randomized controlled study should be conducted to verify the association between all-cause mortality and changes in the carnitine profile due to L-carnitine administration.
Conclusion
The 4-year all-cause mortality negatively correlated with the C2/(C16+C18:1) ratio. Improvement of impaired β-oxidation state may thus ameliorate prognosis. However, further investigation is necessary to ascertain our findings. 
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